IN HUMANS,
skeletal unweighting, whether due to spaceflight, prolonged bed rest, paralysis, localized stress shielding after arthroplasty, or cast immobilization, leads to bone loss (2, 16, 18, 24) . The mechanisms are unknown, and there is no effective therapy in patients to prevent the resultant osteopenia. The signals produced by weight bearing to which bone cells respond are unknown. Possible candidates include induced currents, shear stress, hydrostatic stress, and electromagnetic fields (1, 13, 19, 22) . The signal transduction mechanism whereby a mechanical and/or electrical signal generated by weight bearing is translated into one or more biochemical signals understood by bone cells is unknown but may involve growth factors or other signaling factors such as prostaglandins (25, 37). Spaceflight (21) , sciatic neurotomy (29, 36), casting (17) , tenotomy (27) , and tail suspension (12, 35) result in osteopenia in rats; the bone formation rate was decreased in the unweighted skeleton, but measurements related to the bone resorption rate were either unchanged or transiently increased in cancellous bone (3, 21, 27, 29) . Further, in cortical bone, resorption occurs at a low level and thus plays a relatively minor role in determining bone mass. These findings suggest that, in cortical bone, the role attributed to increased bone resorption (8, 14) in mediating disuse osteopenia may have been overstated, and the majority of the bone loss is due to decreased bone formation. One purpose of the present study was to determine a time course for changes in bone formation and bone resorption in cortical bone of the tibia1 diaphysis after sciatic neurectomy. Furthermore, because changes in bone formation may be mediated, at least in part, by the level of expression of genes for bone cell proteins, we determined the effects of sciatic neurotomy on mRNA levels for selected bone matrix proteins and the osteoblast marker enzyme alkaline phosphatase (AIP).
MATERIALS AND METHODS

Animals and Surgery
Study 1. Male Sprague-Dawley rats (100) were obtained from Holtzman (Madison, WI) and weight matched into 11 groups of 9-10 animals weighing 150 I~I 6 g. Rats were housed individually in plastic-bottomed cages and were exposed to an alternating 12:12-h dark-light cycle. The rats were fed a standard laboratory rat Chow containing 0.6% calcium and phosphorus and were allowed access to food and water ad libitum. Unilateral sciatic neurectomy (USN) was performed on the right hindlimb as described (36). Some groups of rats underwent a sham operation in which the animal was anesthetized, the skin incised, and the right sciatic nerve mobilized but not cut (sham-operated groups). The purpose of the latter procedure was to subject these animals to similar stresses induced by handling, anesthesia, and surgery as the USN rats. Tetracycline hydrochloride (Sigma Chemical, St. Louis, MO) was administered at 20 mg/kg by intraperitoneal injection immediately after surgery and 24 h before death. One group of USN rats, and one group of shamoperated rats were killed by suffocation with carbon dioxide at 3 days and 1,3,4, and 8 wk after surgery. The eleventh group of rats was killed at the beginning of the experiment to provide baseline values. Body weights were obtained at death, and the tibia were removed into neutral-buffered 10% formol-saline for histological analysis.
Study 2. Thirty male Sprague-Dawley rats were obtained from Harlan Sprague-Dawley (Indianapolis, IN) and were weight matched into three equal-sized groups at 220 * 8 g. Rats were housed as described above. Unilateral sciatic neurectomy was performed as previously described (36) under Ethrane anesthesia in the upper thigh of the right hindlimb of twenty animals (i.e., 2 groups of lo), the contralateral (left) hindlimb being unoperated to serve as an internal control. The remaining ten animals received a unilateral skin incision on the right hindlimb to serve as a sham-operated control group. Tetracycline hydrochloride was administered by intraperitoneal injection at 20 mg/kg on the day of surgery, and chlortetracycline was administered 24 h before death, the latter event occurring on day 7 after surgery. Femurs and tibiae were removed and pooled for isolation of periosteal cell total cellular RNA, after El030   GENE  EXPRESSION  IN IMMOBILIZATION which tibiae were processed for dynamic bone histomorphometry. Study 3. This study was similar to study 2 except that the rats received tetracycline 7 and 13 days after USN and were killed on day 14. Also, femurs and tibiae were excised and kept separate for isolation of periosteal cell total cellular RNA. Study 3 used 20 neurectomized and 10 sham-operated male Sprague-Dawley rats.
Isolation of Periosteal Cells
At death, the femurs and tibiae were quickly removed, carefully stripped of adherent soft tissues, and placed into ice-cold Hanks' balanced salt solution at pH 7.4. Total cellular RNA was isolated from the pooled tibiae and femurs in experiments 2 and 3. Pooled bones were incubated with 0.2% type II collagenase (Worthington Biochemical, Freehold, NJ) at 37°C for 2 h after which the enzyme supernatant was centrifuged. The supernatant was discarded, and the resulting cell pellet was washed two times. After the final centrifugation, the supernatant was discarded, and the pelleted cells were frozen in centrifuge tubes using an acetone bath cooled with frozen carbon dioxide.
RNA Isolation
Total RNA was isolated from periosteal surface cells as previously described (30) . Briefly the method involves the following. The cells were thawed and lysed with 10 ml guanidine-HCl as previously described (6, 7, 9). The guanidine-HCl-soluble extract containing total cellular RNA was subjected to CsCl gradient centrifugation using a SW50.1 rotor (Beckman Instruments, Berkeley, CA) at 34,000 revolutions/min for 16 h at 22"C, as described elsewhere (6). The yield of RNA was determined using the ratio of ultraviolet absorbance at 260/280 nm and by loading the same amount, in micrograms, of total RNA into lanes of a 1% (wt/vol) agarose gel. The RNA was separated electrophoretically with size markers on the gel. The equivalency of loading was confirmed by ethidium bromide staining of the gel after electrophoresis when the relative amounts of the 18s and 28s rRNA were observed to be similar in different lanes. Finally, equivalency was confirmed by densitometric quantification of mRNA hybridizing to cDNA probes and relating this to the control gene, rat glyceraldehyde-3-phosphate dehydrogenase (GAP).
Northern
Blot Analysis
Total RNA preparations were denatured using glyoxal-dimethyl sulfoxide (20) and were resolved by electrophoresis in 1% (wt/wt) agarose gels, as previously described (7). The RNA was transferred overnight from the gel to Magna 66 nylon membranes (MSI; Fisher Scientific, Pittsburg, PA). The filters were baked for 2 h at 80°C and were subjected to the hybridization conditions (9).
The cDNA probes were labeled with 32P by random hexanucleotide primer extension using the multiprime DNA labeling system (Amersham, Arlington Heights, IL). Specific activities of -IO9 counts l min-l (cpm) .pg DNA-l were achieved. 32P with a specific activity of -300 Ci/ml (New England Nuclear Research Products, Boston, MA) was used to radiolabel the cDNA. Northern hybridization and washes were performed as described previously (7, 9). mRNA on the membrane was hybridized with cDNA probes for rat osteocalcin (generous gift of Dr. S. Rossi-Langer, Genetics Institute, Cambridge, MA). This was pR22-11, an EcoRI insert in pSPG5 (4). Hybridization was also performed for the human prepro-a-2 (I) chain of type I procollagen (generous gift of Dr. H. Hivanlem and Dr. G. Tromp, Jefferson Medical College, Philadelphia, PA), a full-length cDNA clone (15) . The blots were hybridized with cDNA for GAP, a pUCl8 plasmid containing the full-length cDNA inserted into the PstI site (generous gift of Dr. P. Fort, Laboratorie de Biologie Moleculaire, Montpellier, France; see Ref. 11). Finally, the blots were also hybridized with liver, bone, or kidney type AIP (gift from Dr. M. Thiede, Merck Sharp & Dohme Research Labs, West Point, NJ). This was a 2,553 base pair cDNA containing an open reading frame that encodes a 524 amino acid polypeptide that includes a presumed signal peptide of 17 amino acids followed by a sequence of amino acids identical to the NH,-terminal sequence determined from purified liver ALP (40) . The blots were washed two times at 65°C in x0.2 standard citrate and 0.1% (wt/wt) sodium dodecyl sulfate and then exposed to Kodak-Omat AR-5 film at -70°C for autoradiography.
Densitometry
The autoradiographs of the Northern blots were quantitated by densitometric analysis using a transmitting scanning densitometer (model G3-300; Hoeffer Instruments, San Francisco, CA) and were calculated with a G3-360 (Hoeffer) data system.
Histomorphometry
After enzyme extraction in studies 2 and 3, the bones were washed in buffered saline and fixed for a minimum of 72 h in neutral-buffered 10% formol-saline. Histological processing and histomorphometric techniques employed were described previously (36). Briefly, thick sections cut at the tibial-fibular synostosis were ground on roughened glass to -20-25 pm thickness and were viewed unstained using ultraviolet light to visualize fluorochrome labeling at the periosteum.
The apparatus used for histomorphometry consisted of an Olympus BH-2 microscope with ultraviolet objectives. A color video camera (JVC, CCD) was mounted on the microscope and linked via a Microcomp digitizing bit pad (SMI) to a color monitor and Compac deskpro 285 microcomputer using Microcamp software (SMI). The movement of a pen on the graphics pad superimposes a tracing on the image of the specimen on the video screen. The region of interest is traced by this method, and the line length and the area bounded by the tracing are automatically computed.
Method for Calculating Bone Formation
The following measurements were made per standard tissue area, and calculations were performed in the cortical bone sections: the fluorochrome label perimeters and the bone area between adjacent fluorochrome labels were measured at the periosteal surface. The group mean bone area between adjacent labels was calculated and divided by the interlabel interval in days to obtain the average formation rate (23) . The average formation rate was divided by the mean periosteal label perimeter to obtain the mean periosteal mineral apposition rate.
Medullary area (MA) was defined as the area delineated by the endosteal surface of the cross section; cross-sectional area (CSA) was measured and was defined as the area of bone and marrow cavity within the periosteal surface of the specimen; cortical bone area was calculated as the difference between cross-sectional and medullary areas (CSA -MA).
Method for Calculating
Net Bone Resorption
Net endocortical bone resorption rate was estimated as the sum of the change in marrow cavity size per day and the endosteal bone formation rate per day calculated from the tetracycline labels. Thus ERR = (MA2 -MA1) + EFR where ERR is endocortical resorption rate, MA, is marrow cavity size (area) in millimeters squared at the end of the experiment, MA, is marrow cavity size (area) in millimeters squared at Penn State Univ on February 23, 2013 http://ajpendo.physiology.org/ El031 no effect on indexes related to bone resorption, including medullary area, endocortical perimeter, labeled endocortical perimeter, and nonlabeled endocortical perimeter, at any time point (data not shown). In contrast, there was a gradual age-related decrease in the bone formation rate in -50% of the initial value at 8 wk. USN resulted in a decrease in bone formation, which was significant by 7 days after surgery. After this time, bone formation fell at a rate paralleling the age-related fall in In studies 1 and 2, significant changes in cross-sec- tional area and cortical bone area were not detected 7 cortical bone area at various times postsurgery (study 1). *P c 0.05, ** P days after USN (Table 1 ) but were observed after 3 wk in < 0.01, and ***p < 0.001 compared with sham-operated controls (0-0).
Error bars are enclosed by symbols (n = g-lo/point). B: periosteal bone study 1 (Fig. IA) . However, there were already highly formation rate (0, l ) and endocortical bone resorption rate (A, A) vs. significant decreases in the periosteal bone formation and time after surgery (study 1). Rats were either subjected to USN (o-o, mineral apposition rates in the neurectomized limb. In-
or sham operation (A-A, O-O). ** P < 0.01 and *** P < 0.001 vs. terestingly, there were no significant differences in any of respective sham-operated control. Error bars are enclosed by symbols (n = g-lo/point).
the bone measurements between the contralateral limb of the neurectomized rats and either limb of the sham-opat the beginning of the experiment (from the baseline group), erated control group. and EFR is endocortical bone formation rate determined at the Representative Northern blots for collagen, AIP, GAP, end of the experiment and averaged for the entire experimental and osteocalcin (BGP) from studies 2 and 3 are shown in period. Increased endocortical resorption and/or decreased for- Fig. 2 . The mRNA for each of these proteins was exmation will result in an increase in medullary area. These meth-pressed in periosteal cells isolated from femurs and tibiae ods detect changes of -6% in marrow area and -5% in en-of intact and neurectomized limbs. The effects of USN on docortical bone formation. mRNA levels for collagen, AIP, and BGP normalized to GAP are summarized in Fig. 3 .
Statistical Analysis
After surgery (1 wk) there was little change in collagen Statistical analyses were performed by one-way analysis of mRNA levels (-15%), whereas the mRNA levels for BGP variance using a Clinfo statistical program on a Compaq com-(-28%) and AIP (-85%) were decreased in periosteum puter, followed by Student's t test. from tibiae and femurs pooled from limbs subjected to USN. After USN (2 wk), there was no change in mRNA RESULTS levels for collagen (+3%) in femurs, whereas mRNA for A time course for changes in cortical area in tibiae from BGP and AIP were decreased by 34 and 25%, respecstudy 1 is shown in Fig. 1A . Cortical bone area increased tively. USN had a more pronounced effect on the tibiae, in tibiae from the sham-operated limb of control rats by resulting in larger decreases in collagen (28%), BGP >60% during the 8-wk StUdYa Cortical area also increased (54%), and AIP (29%). The standard errors as a percent in tibiae from the neurectomized limb of USN rats but of the means for BGP, AIP, and collagen mRNA levels in significantly less than that of intact controls. Thus the t'b' 1 iae from intact rats (pooled RNA from 3 separate cortical area of the tibiae of USN rats was lower than the groups of 10 rats each) were 6, 19 and 8%, respectively. controls at all time points, being significantly different at 3, 4, and 8 wk after USN.
A time course for change in bone formation and bone DISCUSS1oN resorption after USN in study 1 are shown in Fig. 1B .
There was an age-related increase in cortical bone Bone formation exceeded bone resorption at all time throughout the 8-wk study period, and this was reduced, points, being initially almost an order of magnitude great-but not prevented, by USN at all time points examined. er. The calculated bone resorption rate was similar in the As a result, USN was accompanied by cortical osteopenia, control and USN rats at all time points. Also, USN had although this did not become statistically significant Values are means k SE; n = 10 rats each for left (intact) and right (sham operated) controls and n = 18-20 rats for left (intact) and right [unilateral sciatic neurectomy (USN)] limbs of nerve-sectioned group. Significance determined by analysis of variance followed by Student's t test compared with intact leg of control group. * Not significant; t P c 0.0001. until 3 wk after USN. Periosteal bone formation is the major factor determining cortical bone mass in rats of this age, being almost an order of magnitude greater than the endocortical bone formation and bone resorption rates. Bone formation fell dramatically with age over the 8-wk observation period. Although endocortical bone resorption was constant over the same interval, bone resorption was nearly matched by bone formation so that there was no significant change in medullary area. USN had no effect on calculated cortical resorption or any of the measurements related to resorption at any time point. In contrast, ovariectomy results in increases in endocortical osteoclasts and medullary area within 3 wk (34) . In rat tibia1 cancellous bone, transient increases in osteoclast numbers have been reported FTFT USN Con within l-3 days of USN in young animals (38) and at, or after, 4 days post-USN in very young (suckling) rats (39) , results that were interpreted as evidence of increased resorption. Thus the contribution of changes of resorption to the USN-induced osteopenia may be different in cancellous vs. cortical bone.
In the absence of a rise of cortical resorption, the mechanism of cortical osteopenia after USN must arise very largely from a fall in bone formation rate, and this was found to be the case. Histomorphometry revealed a marked deficit in bone formation, and this was accompanied by lower mRNA levels for bone matrix proteins in cells isolated from the tibia1 and femoral periosteae at both 7 and 14 days post-USN. Because RNA was obtained from pooled bones (to obtain sufficient RNA), however, mRNA was decreased for all bone matrix proteins examined and at both time points and in both femurs and tibiae.
That these cells contain the cambial (osteoblast) layer was confirmed by probing the Northern blots for osteocalcin, a bone specific marker, and for collagen type I and ALP and by histological examination of the periosteal surface before and after the collagenase digestion (32) . The latter revealed the presence of osteoblasts on the bone surface before collagenase and confirmed their removal by the enzymatic digestion. The cell population examined also contained osteoblast precursors in addition to connective tissue types, although the outer fatty fibrous layer of the periosteum is readily separated from the inner cellular layers during dissection. The cells left to be removed by collagenase are those cells firmly attached to the bone surface and their precursors. Additionally, the enzyme would digest some unmineralized surfaces (osteoid) to release osteoid osteocytes to contribute to the RNA extracted. The periosteal surface of growing rats is almost entirely a forming surface where osteoclasts do not appear in any appreciable numbers, except at the developing vascular spaces and at the ends of long bones in the modeling "funneling" areas. Even at these locations, the osteoclasts are greatly outnumbered by the osteoblasts and, in growing rats, the bone balance is overwhelmingly at Penn State Univ on February 23, 2013 http://ajpendo.physiology.org/ El033 in favor of bone formation. Although . the changes in gene expression were modest, they were consistent with the direction and magnitude of the decline in bone formation rate measured from the same bone surface used to obtain cells for Northern analysis and demonstrate that the mechanism for USN-induced osteopenia involves a decrease in transcription and/or mRNA stability for bone matrix proteins. We have recently demonstrated that decreased mRNA levels for osteocalcin preceeds histological evidence for decreased bone formation during spaceflight. These findings are consistent with the results described in the present work and, in addition, argue strongly that the observed results are due to mechanical unloading rather than the method to achieve the unloading.
The fall in formation rate that occurs due to USN is a rapid response to altered mechanical loading and is superimposed on the normal age-related decline. Northern analysis and histomorphometry indicated that the maximum effect of USN on bone formation is established within 2 wk of surgery. Formation declined thereafter at a rate parallel to the normal age-related levels.
There were no significant differences in bone formation or mRNA levels between the contralateral limbs of the USN rats and the intact controls. This is not surprising since USN does not result in total unweighting of the denervated limb, nor in immobility. Rather, the rats ambulate on the knees of their neurectomized limb, thereby altering the direction and magnitude of loading of the femur and tibia. By this means the animals are almost as mobile as normal intact rats. Evidence for a compensatory increase in bone loading of the intact contralateral leg was therefore not found in this study.
Like all other models of "immobilization," USN affects a variety of tissues other than bone, including the musculature and vasculature. As in other models of immobilization, the relative contributions of changes in these components to the osteopenia is difficult to assess. Recent work suggests that USN does not alter the regional and whole bone blood flow to the tibia (26), and thus nutritional considerations (e.g., oxygenation) may not make a significant contribution to the osteopenia. Muscles of the-lower limb atrophy after USN, andthere are at least transient increases in blood flow to muscle after denervation (5). Chemical sympathectomy had no effect on periosteal bone formation, and tendonotomy had effects similar to USN, suggesting that neural insufficiency is not directly responsible for decreased bone formation.
Finally, the effects of neurectomy were similar to estrogen treatment in ovariectomized rats and parathyroid hormone-related peptide (PTHrp) treatment of male rats in that each procedure inhibited bone formation and reduced mRNA levels for bone matrix proteins (30) . In contrast, ovariectomy resulted in increases in message levels for bone proteins (28) . The mRNA levels for collagen were closely related to osteoblast activity in aging rats, whereas BGP and ALP were reduced in old rats, but the mRNA levels did not correlate significantly with osteoblast number or activity (31, 32) . Messenger RNA levels for collagen were also positively correlated with bone formation when endocortical, periosteal, and metaphyseal sites were compared (33) . These results in five models (i.e., ovariectomy, PTHrp treatment, USN, various tissue compartments, and aging) suggest that osteoblast activity is correlated with the number of mRNA transcripts for collagen. The decreased osteoblast activity associated with decreased weight bearing may at least be partially due to a decrease in the number of collagen transcripts, although other factors, including variations in the message half-life, may be involved.
We hypothesize that weight bearing maintains bone mass by stimulating skeletal cells to produce one or more signaling factor(s). For example, weight bearing produces strain in bones, and strain has been shown to produce transient electrical potentials in bone (1). Further, electric fields stimulate bone cells to produce growth factors that stimulate bone cell proliferation and differentiation in vitro (10). Thus, in the absence or reduction of weight bearing, key signaling factors may be downregulated. The nature of this signal is unknown but may include prostaglandins and/or peptide growth factors (10, 37).
We acknowledge the technical assistance of Glenda Evans for assistance with surgeries, animal injections, and dissections and for preparing ground bone sections; Kathleen Hannon also for preparing ground bone sections; Joan Pyfferoen for performing an extraction of RNA and a Northern blot analysis for collagen, osteocalcin, and GAP; and Peggy Backup for probing a Northern blot for alkaline phosphatase mRNA.
This study was funded by Grant AR-35651 from the National Institute of Arthritis and Musculoskeletal and Skin Diseases and by the Mayo Foundation.
